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ABSTRACT

Resistivity models based on TEM (Transient Electro
Magnetic) and MT (Magneto Telluric) soundings are
widely used in geothermal exploration to select sites
for exploration drilling. Resistivity models within
high-temperature geothermal fields (e.g. Nesjavellir,
southwest Iceland) mimic the dominant alteration
mineralogy conditions in the subsurface. Thereby the
typical observed boundary between the low-resistivity
cap and the underlying high-resistive core in high-
temperature systems can be related to changes in the
secondary mineral inventory which have different
cation-exchange capacity (CEC), i.e. from smectite
dominated cap rock to the chlorite dominated core
(Arnason et al 1987a; Arnason and Flovenz 1992).

Alteration minerals with a high CEC favour the
conduction of an electrical current between the pore
fluid and the pore walls in the rock. This interface or
surface conduction is caused by highly mobile ions
that form a conductive layer on the surface of the pore
walls. The mobility of ions is thereby related to the
CEC of the mineral phase (Flovenz et al 2012).

CEC measurements were conducted on drill cuttings
in the Krafla and Hellisheidi geothermal fields in
Iceland. High CEC values are associated with the clay
dominated alteration zone and can be used as proxy
for the degree and type of alteration of the volcanic
succession. Thereby the CEC reflects the change in
clay mineralogy with depth. Rock samples within the
smectite alteration zone yield the highest CEC,
whereas rocks within the chlorite zone and the
epidote-actinolite zone result in a significant lower
CEC and corresponding lower conductivity. The CEC,
resistivity logs and temperature profile are compared
to quantify the degree of physical and chemical
parameters that control the electrical conductivity.
This allows us to quantify the direct influence of each
of those parameters on the electric resistivity.

1. INTRODUCTION

The typical resistivity structure of the Nesjavellir
high-temperature geothermal reservoir in southwest
Iceland shows a high-resistivity core beneath a low-
resistivity cap based on 2D interpretation of a detailed
multimethod DC resistivity surveys conducted in 1985
and 1986 Arnason et al (1987b). Figure 1 shows the
alteration minerals in three wells and the isotherms
derived from the estimated formation temperature in
each well based on numerous temperature logs
obtained during and after drilling of the geothermal
wells. The figure shows a very clear correlation
between the subsurface resistivity structure, on the one
hand, and the alteration mineralogy and true formation
temperature, on the other hand. The relation between
the resistivity model and the alteration mineralogy is
thought to be directly linked to the cation exchange
capacity of the secondary minerals within the
geothermal system (Fl6venz et al 2012).

Mineral that exhibit a high CEC favor the conduction
of an electrical current between the pore fluid and the
mineral surface. This interface or surface conduction
is caused by the highly mobile ions that form a
conductive layer on the surface of the pore walls. The
higher the CEC for clay minerals the higher the
interface  conduction.  Nevertheless,  electrical
conductivity can also be affected by other parameters:
(i) degree of fluid saturation, (ii) conductivity of the
rock matrix, (iii) salinity of the pore fluid, (iv) water—
rock interaction and alteration mineral assemblage, (v)
temperature, (vi) porosity and pore structure of the
rock, and (vii) type of pore fluid like the content of
water, steam, gas, and oil (Flévenz et al 2012).

The aim of this task within the Integrated Methods for
Advanced Geothermal Exploration (IMAGE) project
is to assess the sensitivity of exploration techniques by
a quantitative link between chemical properties of
fluid/rock and electrical resistivity.

Three wells from two geothermal fields in Iceland had
been selected to compare the resistivity logs with CEC
values. Well KJ-18 (2215 m measured depth) in the
Krafla high-temperature geothermal field in northeast
Iceland was selected. Several resistivity logs have
been carried out in well KJ-18, including resistivity
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time series during heating of the well. In addition, two
wells (HE-42 and HE-46) from the Hellisheidi
geothermal system within the Hengill volcanic system
in southwest Iceland are selected. Well HE-46 (2744
m measured depth) was selected as it exhibits a well-
defined low-resistivity cap (Haraldsdéttir and
Franzson 2011) and the fact that the stratigraphy and
alteration was worked out in detailed by an intense
petrographic and mineralogical study (Sneebjérnsdottir
2011) that results in a very good record of the
hydrothermal alteration. Well HE-42 (3322 m
measured depth) was selected as in contrast to well
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HE-46 the low-resistivity cap shows a larger degree of
variation. The stratigraphy and alteration for the well
were refined by Gunnarsdottir (2012), resulting in a
detailed record of the alteration.

Wells from the Krafla and the Hellisheidi geothermal
systems had been selected for this study due to the
low-salinity of the reservoir fluids, in contrast to the
high-salinity geothermal fields on Reykjanes, to
minimize the salinity effect on the resistivity log.
Further studies on the Reykjanes geothermal field and
the relation of CEC and electrical resistivity are in
progress.
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Figure 1: Typical resistivity structure of a high-temperature geothermal reservoir showing a high-resistivity
core beneath a low-resistivity cap based on 2D interpretation of a detailed multimethod DC resistivity
survey from 1985 and 1986. The figure also shows the alteration minerals in three wells and the
isotherms derived from the estimated true formation temperature in each well based on humerous
temperature logs obtained during and after drilling. The figure shows a very clear correlation between
the subsurface resistivity structure, on the one hand, and the alteration mineralogy and true formation
temperature, on the other hand. The section is from the Nesjavellir geothermal field, Southwest Iceland
(adapted from Flovenz et al 2012, after Arnason et al 1987b).

2. METHODS

Cation-exchange capacity (CEC) is a characteristic
property of zeolites and clay minerals. For clay
minerals the CEC is related to substitutions in the
tetrahedral and/or octahedral sheet, which creates a
charge deficit, and loss of protons at crystal edges
(Christidis  2011). It is distinguished between
permanent and non-permanent charges. In detail, the
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charge which results from structural substitutions is
know as permanent charge and the charge from
interrupted bonds between the structural cations and
the oxygen of the OH groups of the tetrahedral and the
octahedral sheet is known as the non-permanent or
pH-depended charge (Christidis 2011). The layer
charge is balanced by interlayer cations, like Na, Ca,
K, Mg, and H, which are exchangeable (Christidis
2011).



Clay minerals show a strong preference for organic
cations such as methylene blue and organo-metal
complexes that have been used as index cations to
determine the CEC. Due to the large size of the
molecules, methods based on the adsorption of
organo-metal complexes and methylene blue are not
influenced by the presence of zeolites as the large
molecules cannot enter the cages and channels within
the zeolite structural framework (Christidis 2011).
Although adsorption of methylene blue cations is
routinely used for clay minerals, determination of
CEC is problematic (Ammann et al 2005).
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Bergaya and Vayer (1997) developed a method to
determine the CEC of clay minerals by using
[Cu(en)]** (en = ethylenediamine). Meier and Kahr
(1999) proposed the use of [Cu(trien)]** complexes
(trien triethylenetetramine) for determination of
CEC. According to Bergaya et al (2006), the use of
[Cu(en),]?* or [Cu(trien)s]?* complexes is presently the
most versatile method for determination of CEC of
clay minerals.
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Figure 2: Depth profiles of the studied wells (HE-46 and HE-42) within the Hellisheidi geothermal system and
well KJ-18 (see Figure 4 for detail) from the Krafla geothermal systems for comparison. Blue curves are
electrical resistivity logs (16-inch spacing between the resistivity detectors for HE-46 and 64-inch spacing
for HE-42). Red squares are CEC values and black lines are the calculated trend-lines.

For cation-exchange capacity experiments a
representative aliquot of cuttings (4-5 g) from a
particular depth was selected. The cuttings were
washed to remove potential contamination of drilling
mud and afterwards were milled by using a ball mill.
Cation-exchange  capacity  experiments  were
conducted according to the method described by
Meier and Kahar (1999) by using 0.01 M copper
triethylenetetramine  (Cu-trien). Powdered rock
samples (200 mg) were dispersed into 50 mL
centrifuge tubes that contained 50 mL of deionized
water. Afterwards10 mL of 0.01 M Cu-trien solution

were added. After 3 minutes’ reaction time, the
suspension was centrifuged with a micro-centrifuge
for 20 minutes at 2000 rounds per minute. The
supernatant solution was carefully removed from the
solid fraction and the remaining Cu-trien
concentration of the supernatant was measured in a
spectrophotometer at a wavelength of 578 nm. The
used wavelength of 578 nm differed from the
wavelength (620 nm) describe in Meier and Kahar
(1999), as it has been shown by other studies (e.g.
Ammann et al 2005; Kaufhold and Dohrmann 2003;
Steudel et al 2009; Dohrmann et al 2012) that the
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absorption maximum of the copper
triethylenetetramine complex lies at 578 nm.
Calibration of the photometer was carried out
according to the calibration method described by
Kaufhold (2001), by using four different Cu-trien
solutions. The water content of the samples was
determined by the weight loss obtained after heating
the samples for 2-3 days at 105°C. The cation-
exchange capacity (meqg/100 g) is referred to the dry
weight of the sample.

For all the wells, the samples had been selected based
on the resistivity logs and lithostratigraphic
succession. For well KJ-18 a total of 88 samples
covering the entire depth interval were analyzed. For
wells HE-42 and HE-64, 12 and 27 samples,
respectively had been selected, whereas samples were
primarily selected within the clay and chlorite
dominated alteration zones.

3. RESULTS

3.1 KJ-18

Results of the CEC measurements for well KJ-18 are
given in Figure 2. In general, the CEC values decrease
with increasing depth. They mimic well the general
trend of the resistivity curves. The high resistivity at
shallow depth (< 120 m) coincide with low CEC
values (<10 meqg/100 g). High CEC values (>40
meq/100 g) concur with the low resistivity at about
200 m depth. Below that depth, the CEC values
decrease exponentially and reach a steady-state level
at about 1000 m depth. Below a depth of 1000 m only
limited variation close to the detection limited of the
CEC method appears. The elevated CEC values (>5
meq/100 g) in the shallow part of the well are in good
agreement with the depth interval of the alteration
zones characterized by clay minerals (Fig. 2).

For a given depth interval within the shallow part of
the well (<680 m), a correlation between lithological
units and CEC values is observed. For example, the
high CEC values at a depth of 200 m correlates with a
basaltic tuff unit, whereas the lower values below are
associated with a crystalline unit. In general, high
CEC values are associated with glass-rich lithologies
(Stefansson et al 1983), whereas lower CEC values are
related to more crystalline lithologies (Stefansson et al
1983). Nevertheless, the CEC between about 300 and
600 m show a large scattering. The caliper log
(Stefansson et al 1983) shows a large caving structure
at about 200 m, which most likely resulted in the
contamination of cuttings drilled below this structure.

The depth interval (>680 m), for which a resistivity
time series during heating-up have been carried out
coincide with low CEC values and shows only a very
limited variation in CEC values. This variation in CEC
values at a given depth cannot be synchronized to the
variation in the electrical resistivity at similar depth.

Figure 3 and Figure 4 show the direct relation of the
CEC of each measured sample to the electrical
resistivity and conductivity, respectively, at a given

4

depth. In general, a correlation between CEC and
electrical resistivity and conductivity, respectively is
observed. Nevertheless, many samples, particularly in
the medium CEC range (5-30 meq/100 g) show a large
scattering that results in a weak correlation.

3.2 HE-42 and HE-46

Results of the CEC measurements of well HE-42 and
HE-46 are plotted along the depth profile together
with the electrical resistivity logs and are presented in
Figure 2. No samples from the shallow depth has been
analyzed due to the missing electrical resistivity logs
for both wells. The CEC decreases exponentially with
increasing depth. Samples from the zeolite-smectite
zone show the highest CEC values followed by
samples within the mixed-layer clay and chlorite
alteration zone. At the transition to the chlorite-
epidote alteration zone, which are well defined by
Gunnarsdottir  (2012) for  well HE-42 and
Snebjoérnsdottir (2011) for well HE-46, the CEC
values level out and they show only a very limited
decrease with increasing depth and increasing
alteration (Fig. 2).
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Figure 3: Correlation of the CEC results and
electrical resistivity at similar given depth
for wells from the Krafla and Hellisheidi
geothermal systems.

For well HE-46 the transition from the mixed-layer
clay to the chlorite-epidote alteration zone coincide
with a sharp boundary of the electrical resistivity log
(Fig. 2). At the boundary at a depth of about 600 m the
electrical resistivity log shows a sharp contrast and the
electrical resistivity values increase from about 8-10
Qm to about 18-20 Qm, but with increasing depth the
electrical resistivity shows a slightly decreasing trend
(Fig. 2). In detail, above 600 m the electrical
resistivity curve shows only a minor variation with a
more or less constant range for the electrical resistivity
from ~8-10 Qm. Within this shallow depth interval,
the CEC values decrease exponentially from ~40
meq/100 g to ~6 meq/100 g with increasing depth. At
the transition depth of approximately 600 m the
electrical resistivity values increase to a range from
~16-20 Qm and decrease again within a slight
constant decline to ~10 Qm at a depth of 1000 m.



Within this depth range the CEC values decrease very
slightly to a minimum value of 2.1 meqg/100 g.

Although the CEC results for well HE-42 show a
similar trend as CEC values in wells HE-46, the
electrical resistivity log differs by a stronger
oscillation and slightly decreasing trend within the
chlorite-epidote alteration zone.
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Figure 4: Correlation of the CEC results versus
conductivity at similar given depth wells
from the Krafla and Hellisheidi geothermal
systems.

The relation of the CEC and the electrical resistivity
and conductivity, respectively, at a given depth for
well HE-42 and HE-46 are shown in Figure 3 and
Figure 4. For both wells, the correlation of the
electrical resistivity and CEC gives a very good fit.
Correlation of the conductivity and the CEC shows a
positive linear correlation for low CEC values.
However, for higher CEC results the correlation is
weak.

4. DISCUSSION

4.1 CEC and relation to alteration zones

The CEC of all studied wells show a general trend of
decreasing values with increasing depth. Therefore,
the sample depth can be related to a particular
temperature, at which the sample is equilibrated
driven by fluid-rock interaction within a hydrothermal
system. This equilibration results in a change in
mineralogy, which is often accompanied with a gain
or loss in elements during the fluid-rock interaction
(e.g. Kristmannsdottir and Tomasson 1978; Schiffman
and Fridleifsson 1991; Weisenberger and Spirgin
2009; Neuhoff et al 2000; Weisenberger and Bucher
2011). The temperature increase with increasing depth
results in the formation of distinct alteration zone or
metamorphic facies at higher temperature conditions
(Neuhoff et al 2000; Weisenberger and Selbekk 2009).

The CEC values follow a general decreasing trend
with increasing depth. This trend can be correlated
directly to the mineralogical composition of the
alteration zones (Fig. 2). Considering the alteration
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zones in a hydrothermal basaltic system
(Kristmannsdéttir and Témasson 1978; Schiffman and
Fridleifsson 1991; Neuhoff et al 2000; Weisenberger
and Selbekk 2009), the index minerals of individual
alteration zones reflect a decrease in CEC. For
example, the smectite-zeolite zone is distinguished by
high CEC values of their index minerals, smectite (60-
120 meq/100 g, Schiffman and Southard 1996) and
zeolites species (chabazite: 390 meq/100g, Pabalan
and Bertetti 2001). The mixed-layers clay zone is
marked by the transition between the smectite and
chlorite zone. Clay minerals in this zone consist of so
call mixed-layers clays that are interstratified mixed
layers of smectite and chlorite (5-15 meg/100 g,
Meunier 2005), whereas with increasing temperature
and depth, respectively, the mineralogical composition
increase in the chlorite component of the interstratified
smectite/chlorite clay (e.g. Schiffman and Fridleifsson
1991; Weisenberger and Selbekk 2009). It has been
shown within petroleum system that within
interstratified clays (smectite/illite) the smectite
component decrease with increasing temperature and
depth, respectively (Hower and Mowatt 1966; Srodon
and Eberl 1987).

It can be seen in all of the studied wells (Fig. 2) that
the CEC systematically decreases from the
smectite/zeolites zone to the mixed layer clay zone
and when entering the chlorite or chlorite-epidote
alteration zone, respectively, the CEC values are
below 5 meqg/100 g and the trendline shows a change
from an exponential trend to a linear trend. The
changing trend within HE-42 and HE-46 is very well
represented by the alteration zone boundary between
the mixed layer clay alteration zone and the chlorite-
epidote or chlorite zone. When entering the chlorite-
epidote zone the CEC values are below 5 meg/100 g
and the values show a very smoothly decreasing linear
trend. It indicates that the mineralogical composition
of the host rock is not controlled by mineral phases
that exhibit a high CEC. The low CEC values in the
deepest alteration zone are close to background values
of the basaltic rocks (2.8 meq/100 g, Carroll 1959).

4.2 CEC vs electrical resistivity

The direct sample and depth correlation of the CEC
values and the electrical resistivity follow a general
trend (Fig. 3 and Fig. 4), whereas depth intervals with
very high electrical resistivity coincide with low CEC
and low electrical resistivity corresponds with high
CEC. Although there is a relation between CEC and
electrical resistivity, the direct one-to-one correlation
is weak, when comparing adjacent samples within the
oscillating resistivity logs (Fig. 2). For example, in
well KJ-18 at the depth interval between 100 to 250
m, where thick individual lithological units appear the
electrical resistivity and CEC show a good one-to-one
correlation. Nevertheless, below 250 m, where cutting
analysis indicate that the lithological profile consists
of a sequence of thin individual lithological units
(each less than 10 m thickness) a direct one-to-one
correlation is very weak or even absent as seen at the
depth interval between 350 and 450 m, and 550 and

5



Weisenberger et al.

620 m. However, it should be kept in mind that there
is a large uncertainty in the cutting origin and depth.
In contrast to the resistivity data, which has a
resolution on a cm scale, cuttings are sampled during
drilling in a 2-meter interval. The long traveling time
of the cuttings from the location of drilling to the
surface, cross contamination and mixing affects, and
possible human errors may cause a large uncertainty
of the sample origin and depth and therefore the
sample depth are biased. In particular, within
stratigraphic sequence of thin lithological units and
resulting resistivity patterns with a small oscillation
pattern, the correlation between CEC and electrical
resistivity should be considered with a large bias.

4.3 Resistivity structure of high-temperature fields
and relation to the CEC

High-temperature geothermal fields within volcanic
areas of the world have in general a similar electrical
resistivity structure (Flévenz et al 2012). Figure 1
shows a typical resistivity cross section from the
Nesjavellir  high-temperature  geothermal system
within the Hengill volcanic system in SW Iceland
(Arnason et al 1987b). The lithological inventory is

S

almost entirely composed of rocks of basaltic
composition and include lavas, scoria, hyaloclastites,
and intrusions, whereas no correlation is detected
between the surface resistivity and the basaltic
lithology in the boreholes (FI6venz et al 2012).

A pilot study by Arnason et al (1987b) showed that
within the Nesjavellir geothermal system there is a
low-resistivity cap over-coating an up-doming
resistivity core (Fig. 1). Comparing the depth interval
of the low-resistivity cap and the alteration zones
derived from cuttings analysis during drilling showed
that the low-resistivity cap coincides with the smectite
alteration zone, whereas the high-resistivity core
coincide the chlorite alteration zone.

Studies of CEC on all three selected wells show that
the low-resistivity at shallow depth is associated with
a CEC above a critical value of about 5 meq/100 g
(Fig. 2). In particular, in well HE-46 the prompt
increase in electrical resistivity at the facies boundary
between mixed-layer clay and chlorite epidote
alteration coincides with the critical threshold of 5
meq/100 g.
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Figure 5: North-south profile of the resistivity structure of a high-temperature geothermal reservoir within the
Krafla geothermal system, northeast Iceland and the location of the studied well KJ-18 is given including
the resistivity log trend-line of the CEC results. The more detailed log profile of well KJ-18 is given to the
right. The resistivity structure is based on 1D-inversion modelling TEM soundings adapted from

Arnason and Magnusson (2001).

Figure 5 shows a north-south profile of the resistivity
structure of a high-temperature geothermal reservoir
within the Krafla geothermal system, in northeast
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Iceland that is based on 1D-inversion modeling of

surface resistivity data (TEM) that was carried out in a
dense grid (Arnason and Magnusson 2001). In



addition, the location of well KJ-18 is given and the
electrical resistivity log and results of the CEC is
shown. The figure shows a clear correlation of the
modeled surface resistivity, electrical resistivity log,
mineral alteration and CEC. High CEC values are
observed within the shallow part (120-700 m) and at a
similar depth interval the low-resistivity core (red and
orange colors) was identified by surface resistivity
measurements (Arnason and Magnlsson 2001).
Within the high-resistivity core the CEC values are
below 5 meq/100 g. The higher resistivity zone seen in
the surface resistivity and the electrical resistivity log
at shallow depth (<120 m) is characterized by low
CEC values. Flévenz et al (1985) related this
resistivity contrast at the top of the smectite zone to
the onset of interface conduction in the rock.

The clear correlation between resistivity model based
on surface soundings, resistivity logs and host rock
alteration, in particular the formation of clay minerals
within a specific depth interval, confirms the model by
Arnason et al (1987a, b) that was predicted for the
Nesjavellir geothermal system (Fig. 1).

5. CONCLUSIONS

Cation-exchange capacity analysis of three wells
within  high-temperature geothermal systems in
Iceland reveal a similar trend for the CEC values with
increasing depth. The CEC values are highest within
the smectite alteration zone and the CEC values
decrease exponentially with increasing depth down to
the facies boundary between the mixed-layer clays and
chlorite-epidote or chlorite alteration zones (Fig. 2).
At this depth the CEC values are <5 meq/100g, except
for well KJ-18, where the transition is slightly deeper.
Within the epidote-dominated alteration zone the CEC
values decrease linearly with increasing depth. The
depth interval with high CEC values (>5 meq/100g)
coincides with the low resistivity based on resistivity
logs and confirms the hypothesis by Flévenz et al
(2012): "The increase in resistivity from the smectite
alteration zone to the chlorite zone is likely due to the
higher CEC of smectite, as compared with chlorite”.

In general, samples that are characterized by high
CEC values coincide with low-resistivity interval of
the resistivity logs and samples with low CEC are
characterized by high-electrical resistivity based on
resistivity logs. However, no one-to-one correlation is
possible for samples with medium CEC values, which
is most likely due to the uncertainty in cutting origin
and possible cross contamination.

A good correlation is seen when comparing the
surface resistivity model within the Krafla geothermal
system, and the resistivity log and the results of the
CEC measurements within well KJ-18 (Fig. 5). This
confirms the resistivity model by Arnason et al
(1987bh).
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